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REVIEWS I

Nonclassical nucleation and growth
of inorganic nanoparticles

In the past two decades, a tremendous interest in nano-
science and nanotechnology has promoted a rapid
development in the synthesis and characterization of
various kinds of nanomaterials'®. The novel character-
istics of these nanomaterials, and the resulting potential
for applications, derive from the fact that their properties
lie between those of molecules and crystalline solids. As
the size of a particle increases from the angstrom to the
nanometre and micrometre scale, several fundamental
changes occur. The molecular symmetry changes to a
crystal lattice with periodic long range order?, discrete
energy levels turn into a continuous band structure'’
and electrons confined in the molecular orbitals become
delocalized". Advanced synthetic methods have made it
possible to manipulate these changes to develop nano-
materials with designed functionalities. For example,
nowadays, routine protocols are available to prepare
monodisperse single-component nanoparticles, as well
as multicomponent nanoparticles with various shapes
and compositions. The impact of nanotechnology has
propagated from fundamental nanoscience to many
applications, including electronics™'?, photonics'",
plasmonics''S, energy conversion and storage'’*,
catalysis®"*? and biomedical engineering®*. In turn, the
performances of the nanomaterials required for these
applications impose new challenges on nanoscience. In
particular, there is a gap between the need for purposely
designed nanoparticles and our current understanding
of their formation mechanism. Until the early 2000s, size
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Abstract | The synthesis of nanoparticles with particular compositions and structures can lead

to nanoparticles with notable physicochemical properties, thus promoting their use in various
applications. In this area of nanoscience, the focus is shifting from size- and shape-uniform
single-component nanoparticles to multicomponent nanoparticles with enhanced performance
and/or multifunctionality. With the increasing complexity of synthetic reactions,

an understanding of the formation mechanisms of the nanoparticles is needed to enable a
systematic synthetic approach. This Review highlights mechanistic studies underlying the
synthesis of nanoparticles, with an emphasis on nucleation and growth behaviours that are not
expected from classical theories. We discuss the structural properties of nanoclusters that are of
asize that bridges molecules and solids. We then describe the role of nanoclusters in the
prenucleation process as well as in nonclassical nucleation models. The growth of nanoparticles
via the assembly and merging of primary particles is also overviewed. Finally, we present the
heterogeneous nucleation mechanisms behind the synthesis of multicomponent nanoparticles.

uniformity was the biggest issue in nanoparticle synthe-
sis, because it is critical for the production of ensembles
of nanoparticles with homogeneous physicochemical
properties">*. At the time, various synthetic protocols for
the synthesis of monodisperse nanoparticles were devel-
oped by empirical approaches. Nowadays, the synthe-
sis of multicomponent nanoparticles is rapidly gaining
importance, motivated by the demand for enhanced per-
formance and/or multifunctionality for various applica-
tions?%. However, with increasing reaction complexity,
conventional trial-and-error approaches become very
inefficient; synthetic methods should instead be based
on a clear understanding of the formation mechanism
of particles, which has yet to be achieved. Recently, the
current state of nanochemistry was described as sim-
ilar to that of organic chemistry in the early twentieth
century, when it was transitioning from an empirical
art to a science®. In a similar way, we believe that the
development of nanochemistry will become increasingly
dependent on fundamental understanding.

The characterization of nanomaterials constitutes
both a challenge and an opportunity for chemistry and
materials science. Characterization techniques opti-
mized for molecules or solids are often not sufficient
to fully characterize nanoparticles, thus a combination
of multiple techniques is required®'. On the other hand,
studying the formation mechanisms of nanoparticles
can provide unique opportunities to explore the ‘for-
bidden’ region of the molecule-to-solid transition, in
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which molecular chemistry meets solid state science. In
this Review, we discuss recent advances in the study of
the formation mechanisms at work during nanoparticle
synthesis. In its early times, the theory of nucleation and
growth of nanoparticles was largely borrowed from clas-
sical colloid chemistry™*. However, with the develop-
ment of nanochemistry, many nonclassical behaviours
were identified, revealing new aspects of crystallization
at the nanometre scale.

We summarize the formation mechanisms of nano-
particles by organizing them into four sections. First, sta-
ble nanoclusters representing the ‘missing link’ between
molecules and solids are discussed. Second, various
nonclassical nucleation models in which the nucleation
kinetics is altered by the presence of intermediate species
are presented, followed by the growth of nanoparticles
via the assembly and merging of primary particles. Last,
heterogeneous nucleation models for multicomponent
nanoparticles are presented.

Molecule-to-solid transition

Structure of molecular clusters. In the classical crystalli-
zation theory, there is a clear boundary dividing a crystal
from its monomeric building units. However, in nano-
scale materials, it becomes evident that this boundary is
not abrupt but rather a broad spectrum that spans inter-
mediate structures between molecules and solids. The
study of ‘missing links’ connecting these two categories
aids our understanding of how a molecular structure
evolves into a crystal*.

Nanoclusters are aggregates of tens to hundreds of
atoms. One important characteristic shared by vari-
ous kinds of nanoclusters, including metals*, polyoxo-
metalates’” and metal chalcogenides®, is the presence
of discrete structures consisting of a ‘magic number’
of atoms with extra stability. For bare metal clusters,
the stability of these magic clusters is explained in
terms of geometric closed-shell structure®-*!. By form-
ing a complete closed shell of close-packed atoms with
no vacancies at the surface of symmetric polyhedron
shapes (that is, Platonic solids), the clusters reach the
maximum structural stability for a certain number
of constituting atoms. The next largest cluster can be
constructed by depositing another complete layer of
atoms on the surface of the cluster, which leads to a
discrete increase in the number of atoms in each sub-
sequent magic cluster. A homologous series of cuboc-
tahedron clusters (where the number of atoms, 1, in
each cluster is written as n=10/3K*-5K*+11/3K-1,
where K is the number of atomic shells)** is shown
as an example in FIG. 1a. These structures have been
generally observed in clusters of gold and other plat-
inum group metals. It should be noted that although
they have symmetric ordered structures, some magic
clusters are non-crystalline. For example, icosahedron
and decahedron clusters consist of highly strained
face-centred cubic (fcc) subunits, and their five-fold
symmetry does not belong to the Bravais lattice sys-
tem. As a result, further growth of the clusters into
crystals requires atomic rearrangements to fulfil the
translational symmetry condition.

The development of synthesis and characterization
techniques for ligand-passivated metal clusters has
allowed a generalization of the geometric closed-
shell theory, leading to the concept of ‘super atoms’
(REF. 42), which are clusters that exhibit some of the
properties of elemental atoms. For example, the struc-
ture of [Au,,(RS),,]", where RS is a thiol ligand, can be
described as an Au,, core protected by six Au,(SR), ‘sta-
ple’ motifs**~*¥ (FIC. 1b). The Au,, core corresponds to a
closed-shell structure with K=2, which gives the cluster
good structural rigidity. In addition, this cluster mole-
cule has a full-shell configuration of electronic energy
levels, which is analogous to the electronic configuration
of noble gas atoms. Indeed, excluding 18 thiolate gold
ions, there are 7 gold atoms donating a valence electron
from the 6s' orbital, plus one electron from the negative
charge of the cluster. These 8 electrons fill the molecular
orbitals, so that the overall electron configuration resem-
bles the valence shell of neon, 252p° (REF. 42). The same
principle applies to other structures. The structure of
Au,,(p-MBA),, (p-MBA, p-mercaptobenzoic acid) was
reported with atomic precision®, and it was shown that,
although the geometric structure of Au,, clusters is not
consistent with the closed-shell model, these clusters
have good chemical stability because they satisfy the full
electron shell condition with 58 (102 Au— 44 thiolated
Au) valence electrons™. Notably, not all clusters satisfy
either geometric or electronic full-shell conditions, as
shown in the case of Auy, clusters, which suggests that
other stabilization factors are at work®.

Size-dependent properties of molecular clusters. An
interesting structural evolution from molecules to
crystalline solids was reported® for a series of dode-
canethiol-passivated Au, clusters, synthesized with n
ranging from 38 to ~520. By standardizing the ligand
effect, which can alter the structure of the clusters®, it
is possible to monitor the systematic transition of Au,
clusters from a non-fcc to a fcc structure as a function
of their size (FIG. 1¢). This structural transition occurs
in the size range n=144-187. In the same size range,
optical absorption spectra show a transition from a
molecule-like discrete electronic structure to a bulk-
like localized surface plasmon resonance. Consistently, a
molecule-like electronic energy transition in Au, clusters
with # < 144 has been reported®.

Similarly, CdSe clusters of various sizes and with
a motif of a bulk CdSe structure have been synthe-
sized*®**%. For example, three pyramidal CdSe clusters
with a zinc blende structure — [Cd,;Se,,(O,CPh), (H,N-
C,H,),], [Cd,Se,;(O,CPh),,(H,N-C,H,),,] and
[Cd,,Se.(O,CPh),(H,N-C,H,).,] — have been reported
recently® (FIG. 1d). By contrast, [Cd,,Se, ,(SePh),,(PPh,),]
clusters have a mixed structure with both zinc blende
and wurtzite motifs®. When plotted against the cluster
size, the optical bandgap of these pyramidal clusters
coincides with the extrapolation of the bandgap as a
function of the size of CdSe nanoparticles®***! (FIC. 1d),
showing that the size-dependent quantum confinement
effect is valid for these clusters. In addition, (CdSe) ,
clusters exhibit a temperature-dependent change in
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Figure 1| Structures of cluster molecules and their size-dependent properties. a | Formation of cuboctahedron
full-shell clusters. A central atom (purple) is surrounded by close-packed shells of atoms. One-shell (K=2, where K'is the
number of atomic layers) clusters have 13 atoms and two-shell (K= 3) clusters have 55 atoms and so on. b | Structure of an
Au,,RS,; cluster. Sulfur and gold atoms of staple motifs are in yellow and blue, respectively, and the Au,, core is in purple.
c| Evolution of optical absorption spectra of gold clusters with various sizes, measured at different temperatures, as
indicated. Au, clusters with n=38, 130 and 144 show discrete energy states in the spectra and have icosahedral (I) or
Marks decahedral (M-Dh) structures, whereas the clusters with n=187,~226, 329 and ~520 have plasmonic resonances
originating from their metallic band structure and a face-centred cubic (fcc) structure. d | Size dependence of the
bandgap energy of CdSe nanoparticles and clusters. The structures of the clusters are shown in the inset and their
bandgap energies are indicated as grey dots in the plot. Empirical fit 1 is calculated for data points of both nanoparticles
and clusters, whereas empirical fit 2 is for nanoparticles only. The nanoparticle data and empirical fit 2 are from REF. 61.
a.u., arbitrary units; HRTEM, high resolution transmission electron microscopy; QDs, quantum dots. Panel a is adapted
with permission from REF. 43, Royal Society of Chemistry. Panel b is adapted with permission from REF. 47, American
Chemical Society. Panel c is adapted with permission from REF. 52, American Chemical Society. Panel d is adapted with

permission from REF. 59, American Chemical Society.

the bandgap, following Varshini’s law, which is the
same behaviour as bulk semiconductors®”. Owing to a
low density of states at the band edge, a discrete energy
structure is observed not only in semiconductor clusters,
but also in nanoparticles of a few nanometres, which is
in contrast to what is observed in metal clusters. For
this reason, semiconductor nanoparticles are also called
‘artificial atoms’ (REFS 63,64).

In the case of metal oxides, many clusters that are
structurally similar to metal oxide solids were found
in polyoxometalate compounds**>*. Polyoxometalate
clusters usually consist of transition metal cations (M)
and oxygen atoms surrounding a heteroatom (X), such
as Keggin (XM,,0,,)¥, Wells-Dawson (X,M,,O,,)* and
Anderson (XM,0,,)® clusters.

It is interesting to observe that both the expression
‘super atoms, for metal clusters, and ‘artificial atoms, for
semiconducting nanoparticles, can have two meanings.
These terms were originally introduced because of the
similarity between nanoparticles and atoms, in the sense
that both have quantized electronic energy states*>**.
This analogy was immediately extended to the other
defining property of atoms: that is, that they consti-
tute the building units of bulk solids. In the early days
of nanomaterial synthesis, it was suggested that novel
metamaterials could be constructed using super atoms
and artificial atoms as building blocks™”!. Although the
formation of ‘artificial molecules’ has not yet been fully
realized because of the weak quantum exchange cou-
pling between neighbouring artificial atoms>”>”*, the
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Figure 2 | Nucleation of colloidal nanocrystals via nonclassical pathways. a | Plots of free energy change as a function
of nucleus size in the classical nucleation (left), spinodal decomposition (middle) and nonclassical nucleation (right)
models. b | Time dependency of absorption spectra of the reaction mixture during the synthesis of CdSe nanoparticles.
Vertical lines indicate absorption peaks corresponding to discrete magic-sized CdSe clusters. ¢ | Mass spectra of the
reaction mixture during the synthesis of iron oxide nanoparticles. Two different mass ranges are selected for clarity.

The peaks at 3.5kDa, 23 kDa and 95 kDa are attributed to Fe;(oleate),, clusters and to 1.9 nm and 3.3 nm nanoparticles,
respectively. d | Absorption spectra from the reaction mixture during the synthesis of CdSe nanoribbons. The larger
(CdSe),, clusters are observed before the smaller (CdSe),, clusters. a.u., arbitrary units; Da, dalton; m/z, mass-to-charge
ratio. Panel b is adapted with permission from REF. 88, Wiley. Panel c is adapted with permission from REF. 95, American
Chemical Society. Panel d is from REF. 102, Nature Publishing Group.

idea of using clusters and nanoparticles as the building
units of solids has contributed to the study of nonclassi-
cal crystallization, in which crystal formation proceeds
not by the addition of individual atoms or ions but by the
assembly of clusters or nanoparticles””. The role of clus-
ters and nanoparticles as building units in the nucleation
and growth process is discussed in the next two sections.

Prenucleation and nucleation periods

Nucleation is the beginning of condensation and is
one of the most ubiquitous phenomena in the uni-
verse: stars and planets condense from the interstellar
medium’¢, clouds and rain drops condense from water

vapour, and nanoparticles condense from supersatu-
rated solutions. If the condensed phase is crystalline,
nucleation is not only accompanied by an abrupt
increase in local density, but it also causes an increase
in local order. Therefore, the study of nucleation pro-
cesses can shed light on the general tendency towards
self-organization in nature”.

In solution, there are three possible nucleation
models: classical nucleation, spinodal decomposition
and nonclassical nucleation’”® (FIG. 2a). In the classical
nucleation theory, homogeneous nucleation has a high
thermodynamic energy barrier that originates from the
high surface-to-volume ratio of the nucleus. Given that
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the surface energy per area, y, and the bulk energy per
volume, AG,, are constant, the free energy change, AG,
resulting from homogeneous nucleation is written as

AG,  (r)=4nr*y+4/3nrAG, (1)

where ris the radius of a spherical nucleus”. From the con-
dition d[AG,,,,(1)]/dr=0, the critical radius, r* =-2y/AG,,
is derived. Only the nuclei with r > r* can spontaneously
grow into larger particles (d[AG,,(r)]/dr <0), whereas
those with r < #* will dissolve in the solution. This energy
barrier is important in the synthesis of uniformly sized
nanoparticles because it suppresses the random for-
mation of particles in the course of the reaction and
induces short bursts of nucleation under high super-
saturation®*®'. By contrast, spinodal decomposition has
practically no energy barrier®. In this model, the surface
energy of the nuclei is negligible compared with their
bulk free energy®, thus spinodal decomposition can
spontaneously occur and a phase separation takes place
all over the reaction medium. The energetics of non-
classical nucleation are somewhere in between these two
extremes of high energy barrier and no barrier’***. In
nonclassical nucleation, unlike what is assumed in clas-
sical nucleation theory, y and AG, are not constant with
respect to particle size. Instead, there are intermediate
structures with lower surface and/or bulk energy, which
provide alternative pathways to circumvent the high
energy barrier of homogeneous nucleation.

Nonclassical nucleation. It is well known that nano-
clusters with discrete sizes and structures form during
the prenucleation period of the synthesis of nanoparticles
of various metals®*, semiconductors®*-* and metal
oxides®® (FIG. 2b,c). The formation of these nanoclusters
reveals the presence of local minima in the energy land-
scape, which can effectively lower the energy barrier for
nucleation, so that it can take place at a level of supersat-
uration lower than that estimated by classical nucleation
theory®”*. The relationship between the nanoclusters
observed during the nanoparticle synthesis and magic-
sized clusters has been long recognized®*'®. In effect,
the magic-sized clusters discussed in the previous sec-
tion can be regarded as special cases of the transition
structures bridging molecules and solids, in the sense
that they are thermodynamically stable enough for puri-
fication and analysis. Other nanoclusters formed during
nanoparticle synthesis are metastable and exist tran-
siently before growing into nanoparticles, making them
difficult to characterize. Interestingly, the formation of
prenucleation clusters does not always proceed from the
smaller to the larger ones. For example, in the early stage
of CdSe nanoribbon synthesis, alkylamine-passivated
(CdSe),, clusters are transiently observed before the
smaller (CdSe),, clusters®'*>1 (FIC. 2d). This example
suggests that the energetics of prenucleation clusters is
much more complicated than the picture given in the
classical nucleation model.

Stepwise phase transitions. In addition to the geomet-
ric full-shell and electronic superatom configurations,
which require specific conditions in terms of the number
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of atoms and electrons, other structural properties can
stabilize prenucleation clusters, resulting in a decrease
of the classical nucleation energy barrier. In particu-
lar, structural variances, such as amorphism and poly-
morphism, can contribute to the nonclassical nucleation
pathway. Model studies of the 2D crystallization of col-
loidal microparticles and numerical simulations show
that, under low supersaturation conditions, two-step
nucleation through an amorphous-to-crystalline tran-
sition is energetically favoured over direct crystallization
(classical nucleation)'®'%" (FIC. 3a). In the first step, amor-
phous nuclei are formed — their surface energy is lower
than that of crystalline nuclei as a consequence of their
disordered interfaces with the solution. In the second
step, an amorphous-to-crystalline transition takes place
in the middle of the amorphous phase; this transition
has to overcome a much lower free energy barrier com-
pared with direct crystallization from solution. In other
words, the amorphous phase can mediate the nucleation
of the crystalline phase by buffering the large entropy
difference between solution and crystal. Similarly, a two-
step nucleation mechanism has been observed in protein
crystallization, in which crystalline nuclei are formed
inside a metastable dense liquid phase'®.

Stepwise phase transitions in the crystallization of
polymorphic solids can also induce nonclassical nucle-
ation'®'"!. In equation (1), when the particle is very
small (r<<-3y/AG,), its free energy is dominated by the
surface energy term (47mr?y). On the other hand, as the
size of the particle increases, its thermodynamic stabil-
ity becomes more dependent on the bulk free energy
term (4/3nr’AG,). As a result, in the initial stages, the
nucleus tends to have the structure with the lowest sur-
face energy but is transformed to the structure with the
lowest bulk free energy as it grows, as conjectured in the
Ostwald step rule''. For example, ZrO, nanoparticles
have a tetragonal structure, whereas bulk ZrO, is mon-
oclinic under ambient conditions'**!!%. A stepwise phase
transition occurring because of the difference between
the surface and bulk energies of the two phases is illus-
trated in FIG. 3b. The chemical potential function, Au(r),
shown in the figure is derived from equation (1) using
the relationship Apu=[d(AG,,,)/dV]xV,, where V_ is
the molar volume and Au°=AG, x V,.. When the parti-
cle radius is smaller than a value r,, phase 1, which has
the lower surface energy (y,), is energetically favoured.
However, as the size increases above r,, a phase transition
takes place at the cross point indicated by the arrow, after
which phase 2, with lower bulk energy (Au,°), becomes
more stable. Overall, in nucleation via amorphism
and polymorphism, the nuclei are thermodynamically
stabilized by their strong tendency to minimize their
surface energy.

Structural disorder is observed in various nuclei
and very small nanoparticles. In the 1980s, high res-
olution transmission electron microscopy studies
revealed that various metal nanoparticles as small
as a few nanometres are in a ‘quasi-molten’ state, in
which their structure and shape are fluctuating from
one state to another®. It was also theoretically shown
that 1.4-nm-sized Au,; clusters are more stable in the
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amorphous phase than when they form ordered struc-
tures'®. In 2005, it was reported that the growth of
CdSe nanoparticles 2 nm in size, consisting of ~160
atoms, is accompanied by crystallization and shape
reconstruction of the nanoparticles, which are initially
amorphous''®. According to a detailed analysis of the
structural disorder in 3.4-nm ZnS and 2-4-nm CdSe
nanoparticles using atomic pair distribution function
analysis'!7!*%, these nanoparticles consist of a highly
disordered shell and a crystalline core, resembling the
crystalline core/amorphous shell structure of the con-
densed microparticles shown in FIC. 3a. In the synthesis
of CdTe nanoparticles with sizes <2 nm, a nucleation
energy barrier lower than that expected in the clas-
sical model was observed, which is attributed to the
‘molten’ state of the nanoparticles'”. Transmission elec-
tron microscopy (TEM) studies of the early stage of
the crystallization of minerals, including calcium car-
bonate, calcium phosphate and iron oxide, indicate that
nucleation of these materials is initiated by the forma-
tion of amorphous nanoparticles that are transformed
into crystalline nanoparticles during growth®**7120-122,
Notably, nucleation from amorphous precursors is
commonly observed in biological crystallization, in
which cells actively transport and concentrate mineral
ions to form the amorphous solid phase from which
crystalline nuclei are formed'?. Biomimetic model
systems, including the polymer-induced liquid-precur-
sor process, show a similar mechanism, in which an
amorphous liquid-like phase or a dense liquid phase is
formed first, and crystal nucleation takes place within

Au=2V, (D) +Ay

Y1<Y2
Apy >Ap;

Apy

—

e

Phase 1

Phase 2

r

rl

it'?%, Overall, the formation of amorphous nuclei fol-
lowed by a stepwise phase transition during growth is
commonly observed in various reaction systems.

Aggregation of nuclei. Another important pathway
of nonclassical nucleation is aggregation®. Compared
with stepwise nucleation, which involves thermody-
namic stabilization via structural change, the role of
aggregation in the nucleation reaction has a more
kinetic origin. As mentioned above, the subcritical
nuclei with r < r* are unstable and supposed to dissolve.
However, if their dissolution rate is much slower than
their collision rate, it is possible that two or more sub-
critical nuclei bind together to form a stable post-crit-
ical nucleus (r > r*) before total dissolution. Of course,
this process does not only happen for the subcritical
nuclei; stable nanoparticles can also aggregate to form
larger ones, as we discuss in detail in the following
section. Nevertheless, aggregation has a unique role
in prenucleation and nucleation periods, because it
makes the reaction system deviate far from the classi-
cal nucleation model®'*>'?, Nucleation is a self-lim-
iting process because the formation of nanoparticles
lowers supersaturation and, as the supersaturation
level decreases, part of the nuclei disappears by a rip-
ening process’”. Aggregation can stabilize the nuclei
under ripening by abruptly increasing their size, which
is equivalent to ‘tunnelling’ through the free energy
barrier — this happens even at low supersaturation,
in which growth through atom-by-atom addition to
reach the critical radius, ¥, is not possible (FIG. 3¢). As
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Figure 3 | Stepwise phase transitions and aggregation of nuclei. a | Optical microscope images showing the
multistep crystallization of colloidal polystyrene particles. A dilute liquid phase is initially observed (left), followed by an
amorphous dense phase (middle) and by the formation of crystalline nuclei (right). b | Chemical potential plots illustrating
the transition from phase 1 (orange curve) to phase 2 (blue curve).c | Nucleation by aggregation of prenucleation clusters.
r*, critical radius. Panel a is adapted with permission from REF. 103, American Chemical Society.

6| AUGUST 2016 | VOLUME 1

www.nature.com/natrevmats

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

Figure 4 | Oriented attachment of nanoparticles. a | Transmission electron microscopy (TEM) image of aggregated
ferrihydrite nanoparticles (top). In the inset (right), a domain of aligned nanoparticles is magnified; the fast Fourier transform
image shows that the nanoparticles share the same crystallographic axes. ATEM image of oriented attached titania
nanoparticles is shown below. b | Two attached PbSe nanoparticles with slight lattice misalignment. The lattice structure
changes at the interface with passing time from top to bottom (right) — the total intercurring time is 23 minutes. The number
of dislocations decreases as the mistilt angle becomes zero; eventually the two particles become a single crystal.

c | Schematic representation of the rotational motion around three axes that a nanoparticle can perform to align its lattice
with that of the nanoparticle it is attached to. Panel a is adapted with permission from REF. 142, AAAS, and REF. 145, Elsevier.
Panels b and c are adapted with permission from REF. 152, American Chemical Society.

aresult, when the nanoparticle number concentration
is high and supersaturation is low, aggregation can be
the main nucleation pathway.

The development of liquid-cell TEMs has enabled
the direct, real-time in situ observation of the aggre-
gation of nanoparticles in solution'”""*2. An in situ
measurement shows that the merging of 2 platinum
nanoparticles and the subsequent shape reconstruction
take place in timescales of hundreds of milliseconds
and of less than 20 seconds, respectively'?”'*. It was
also found that there is a threshold nanoparticle num-
ber concentration below which aggregation does not
occur'”. High resolution electron tomography shows
further evidence of the aggregation of nuclei®'?*-1%7,
3D atomic structures reconstructed using computed
tomography reveal that a single metal nanoparticle is
made of multiple crystal domains, which originate from
the aggregation and merging of smaller nanoparticles in
the early stages of the nanoparticle formation process'*.

In many cases, stepwise nucleation and aggregation
work together in a complementary way. Easy formation
of amorphous nanoparticles leads to a high number
concentration and to more frequent collisions among
nanoparticles. Upon aggregation, the small amorphous
nanoparticles, because of the abrupt size increase,
reach the size regime in which the lower bulk energy
is favoured (FIC. 3b), and the amorphous-to-crystalline
phase transition takes place. For example, during the pre-
cipitation of iron oxide in aqueous solution, amorphous
prenucleation clusters of ~2nm in size are formed first
and subsequently aggregate into larger branched network
structures®. As the reaction proceeds, crystalline nan-
oparticles 5-15nm in size are formed from the denser
part of the aggregates. Similar observations were made in
the nucleation and growth of calcium phosphate, calcium
carbonate and silica® 120121387140,

Growth by assembly and merging

In classical crystallization theory, crystal growth is
described as the addition of atoms or ions to the crystal
lattice. This idea is expressed by the change of Gibbs free
energy by crystallization, AG=kTIn(a/a,), where aand a,
are the activity of the solute and bulk solid, respectively’.
In reality, however, this classical model reflects only part
of the picture. In the previous section, we discussed how
aggregation of prenucleation clusters can contribute to
the nucleation process. In a similar way, nanoparticle
growth can proceed not only by atom-by-atom addi-
tion, but also by the assembly of smaller particles into
larger particles’7*7>%!41 The concept of crystal growth
by assembly and merging of primary particles comple-
ments the classical theory by extending the definition of
the building units from atoms and ions to clusters and
nanoparticles. In this section, we examine emerging
evidence for nonclassical crystal growth in the synthe-
sis of various nanomaterials and discuss the mechanism
behind the nanoparticle assembly and merging processes.

Oriented attachment. Oriented attachment is a well-
recognized process for crystal growth from primary
nanoparticles'*?'*. If two nanoparticles are attached to
each other but their crystallographic orientations are not
perfectly aligned parallel to each other, defects such as
grain boundaries, twinning, or misfit dislocations are
formed at the interface'*>'**. However, in many nanos-
tructures formed by the attachment of primary particles,
it was observed that the primary particles are oriented
so that they share the same crystal lattice and constitute
a single domain'*?"*M7-1%0 (FG. 4a). Considering that the
probability of two colliding nanoparticles being perfectly
oriented by chance is very low; this indicates that the crys-
tal lattices of the nanoparticles become aligned, in some
way, during attachment. Recent in situ liquid-cell TEM
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Figure 5 | Formation of 2D nanocrystals by assembly. a | Simulation (top) of the 2D assembly of truncated tetrahedral
CdTe nanoparticles, with the electric dipole moment indicated by the arrow and transmission electron microscopy (TEM)
image of CdTe nanosheets (bottom). b | Schematic representation (top) and TEM image (bottom) of PbS nanosheets
formed by (110) attachment of PbS nanoparticles. ¢ | Schematic illustration showing the transformation of 2D lamellar
assembly of (CdSe),, clusters (violet) into CdSe nanoribbons (yellow; top) and TEM image of CdSe nanoribbons (bottom).
Panel ais adapted with permission from REF. 161, American Chemical Society. Panel b is adapted with permission from
REF. 162, AAAS. Panel c (top) is adapted with permission from REF. 167, American Chemical Society.

studies reveal that there are two underlying mechanisms
in the assembly and merging processes (FIC. 4b). First, if
two nanoparticles are in close proximity before collision,
then there is a strong interaction between them, favour-
ing the alignment of their crystallographic orientations.
This interaction is strong enough to induce the rotational
and translational motions required to align the nanopar-
ticles before collision. Once the alignment is complete,
the nanoparticles immediately merge together by an
attractive force'***!¢, For semiconductor nanoparticles,
such as CdS, CdTe and ZnS, it was suggested that this
mutual alignment is induced by the dipole-dipole inter-
action between the nanoparticles'®*'*>'. However, this
theory is not applicable to metal and other nanoparticles
that have no permanent dipole moment, and the reason
for their alignment has not yet been elucidated'*”'*.
Second, if two misaligned nanoparticles are attached,
spontaneous reconstruction of the imperfect lattice takes
place during the merging process to remove the defects'*.
Even after attachment, the nanoparticles can undergo
multiple rotational motions to minimize the misalign-
ment of their lattices™? (FIC. 4c). These mechanisms show
that the thermodynamic driving force for the reduction
of the defect-free energy becomes significant at the nano-
metre scale, where it induces the lattice reconstruction
and the motion of the primary particles.

The spontaneous alignment of approaching nano-
particles during oriented attachment reflects the com-
plexity of interparticle interactions at the nanometre

scale, which is not fully understood'*****. In a recent
Review article, various nonclassical behaviours of nano-
particle assemblies that are not consistent with the clas-
sical theory developed for colloidal microparticles were
introduced'”. It was shown that the assumptions made
for microparticles to simplify the effects of solvent mol-
ecules, non-van der Waals interactions and the particle
shape-dependent potentials cannot be extended to nano-
particles. At the nanometre scale, these effects become
as important as those produced by the other forces,
which makes the interactions between nanoparticles
very difficult to analyse. Some interparticle interactions,
which are negligibly weak at larger scales, such as the
hydrophobic interaction of surface ligands, can have a
significant role in nanoparticle assembly'**'*’. Asa con-
sequence of the complexity of interparticle interactions,
nanoparticle self-assembly often leads to unpredictable
results, as in the case of quasicrystalline spherical nan-
oparticle superlattices'*®'**. Usually, the self-assembly
of spherical particles is an entropy-driven process that
maximizes space-filling efficiency, which leads to the
formation of Bravais lattice structures with translational
symmetry. However, quasicrystalline structures have no
translational symmetry and cannot be understood in the
frame of this entropy model.

In crystal growth by nanoparticle assembly, complex
interparticle interactions can result in highly anisotropic
nanostructures. Interestingly, different interactions can
lead to very similar morphologies, as exemplified by the
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Figure 6 | Multidomain structures of nanoparticles. a | Electron tomogram of a
face-centred cubic platinum nanoparticle consisting of three domains (left). Cross
sectional views of the grain boundary between the upper and the middle domains are
shown on the right. The (100) plane of the upper domain and the (110) plane of the
middle domain meet with a rotation angle of 14°. The angle is measured with respect to
{111} planes, indicated in red and blue dash lines for the upper and middle domain,
respectively. b | Transmission electron microscopy images show the fusion of three Pt,Fe
particles into a single crystal. From left to right, the crystal orientation changes with
atomic redistribution and eventually the crystal shape changes to form a single domain
nanorod. Panel a is adapted with permission from REF. 136, AAAS. Panel b is adapted with
permission from REF. 131, AAAS.

following three 2D nanostructures with differing com-
positions. First, it was reported that 3.4-nm-thick CdTe
2D nanosheets are formed by monolayer assembly of the
primary CdTe nanoparticles'®. In a simulation model
study, it was shown that the truncated tetrahedral shape
of CdTe nanoparticles and their unidirectional elec-
tric dipole moment are determinant for their 2D self-
assembly'>!'*! (FIG. 5a). Second, in the synthesis of
2.2-nm-thick PbS nanosheets, it was observed that trun-
cated cubic-shaped primary nanoparticles assemble into
a nanosheet by preferential attachment of the highly
reactive {110} facets, rather than through dipole-dipole
interactions'®>'®* (FIC. 5b). Last, another 2D assembly
mechanism was revealed in wurtzite CdSe nanostruc-
tures!0b102164165 that have a fixed thickness of 1.4nm
(FIG. 5¢). In this system, ligand-passivated (CdSe),,
clusters assemble into lamellar structures owing to the
hydrophobic interaction between the ligands, and then
the lamellar cluster assembly structures transform to
CdSe nanocrystals'*>'5-1 Interestingly, zinc blende
CdSe nanosheets with thicknesses <2 nm were synthe-
sized using a classical crystal growth process instead of
the primary particle assembly'”*'”*. These examples illus-
trate the diversity of the nanoparticle assembly behav-
iours that can be used to build unique nanostructures.

REVIEWS

As previously discussed, there is a strong tendency
to align the lattices of two nanoparticles upon attach-
ment, but there are some exceptions. Since the 1970s,
it has been known that certain specific misalignments
or ‘twisting’ are energetically favoured at the grain
boundary of particles in contact®>'”. In 2015, the cor-
responding observation'* of grain misalignment at the
nanoscale was achieved by electron tomography of plati-
num nanoparticles smaller than 2nm (FIG. 6a). The tomo-
gram shows that a single platinum nanoparticle consists
of three domains that form twisted grain boundaries.
The misalignment is induced to minimize the plane
defect free energy at the grain boundary, where the
(100) and (110) planes are in contact. The merging of
the primary nanoparticles is also accompanied by mor-
phological changes. The attachment of two nanoparticles
results in a highly negative surface curvature around the
contact point, which makes the structure energetically
unstable'”. The surface tension results in a tendency to
minimize the net surface area, inducing mass transport
to fill the region around the contact point'**. When PbSe
nanoparticles are attached through their {100} facets,
they are elongated in a direction parallel to their bond-
ing axis to form a ‘neck” around their contact point'’¢.
In the unidirectional attachment of Pt,Fe nanoparticles
to form nanorods, a macroscopic reconstruction takes
place to straighten the initially rugged surface, as well as
to align the lattices of the particles'®! (FIC. 6b). The pres-
ence of the surface ligands on the nanoparticles can be
an effective barrier for attachment, thus ligand removal
is sometimes necessary'”’. In addition, it is possible that
the mass transport of atoms during merging contributes
to the removal of the ligands from the contact region'’.
Rather than being totally removed, it was suggested that
the ligand molecules are transported by making them
‘jump’ from one binding site to the next on the surface
of the nanoparticle, which requires less energy than
desorption'?s.

Mesocrystals formation. The assembly of primary
nanoparticles can also lead to the formation of meso-
crystals, in which the nanoparticles remain as individual
building units instead of merging into a single crystal
domain”®'71%0 As a result, mesocrystals have both lat-
tice structures at the atomic scale and secondary struc-
tures at the nanometre scale. Mesocrystals are widely
observed not only as a result of the assembly of synthe-
sized inorganic nanoparticles, but also in biominerals
such as skeletons and shells'”’. Typically, mesocrystals
consist of inorganic nanoparticles and of an organic
phase filling the space between the nanoparticles; such
unique hybrid structures provide the possibility to con-
trol their physicochemical and mechanical properties'®.
In addition, mesocrystals can be regarded as intermedi-
ate states in the transition from primary nanoparticles to
single-domain crystals via assembly and merging'>*#!.
For this reason, we expect that kinetic studies on the
transformation of mesocrystals into single-domain crys-
tals will provide important information on the merging
process of primary nanoparticles with different surface
ligands and grain boundaries.
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In a classical perspective, crystallization is a direct tran- In the heterogeneous nucleation process, a nucleus
sition from atomic building units to crystals. However, formed at the surface of a seed can be stabilized by the
the nucleation and growth processes discussed so far  interface with the seed, which radically changes the ener-
reveal that multiple intermediate steps are involved in  getics of the nucleation reaction compared with that of
the transition'®% In nonclassical pathways, crystallization ~homogeneous nucleation. To calculate the Gibbs free
proceeds from atoms to nanoclusters, to nanoparticles, energy change of heterogeneous nucleation, AG,,,, we
to mesocrystals, and finally to bulk crystal solids. In this ~ assume that a nucleus with a critical radius, r*, is formed
process, the product of each step becomes the building  at the surface of a spherical seed with radius R (FIG. 7a).
unit for the next, which is characteristic of nonclassical ~ The interface energy, y,, of the nucleus and the seed is

crystallization. related to the nucleus—seed contact angle, 0, through
Young’s equation, cosf_=(y.—y,)/y, where y, and y are
Heterogeneous nucleation the surface energy of the seed and the nucleus, respec-

Heterogeneous nucleation takes place in a heterogeneous  tively. The value of AG,, can be written'® as a function
reaction medium that contains the nucleation seeds. In  of x=R/r* and m = cos0), as:

the synthesis of multicomponent nanoparticles, hetero- 8y’ V2,
geneous nucleation is of great importance. By inducing het :m
the formation of a secondary phase at the surface of the o
seed nanoparticles, this process enables the synthesis of a where

surprisingly wide variety of multicomponent nanostruc- 1—mx)3 X—m\  (x—m\3
tures5'7’26‘§9’1y&3’18“. Howe\t?ér, our current understanding of h(m,x)=1+ ( g ) i [2_3 (7) * (7) ]
heterogeneous nucleation at t'he nanometre scale is fa}r F3mae (X2 ) 3)
from complete. The mechanism behind the synthetic g

methods that are based on heterogeneous nucleation is and
substantially different from that governing the formation

of single-component nanoparticles, therefore its study

requires new techniques and theoretical frameworks. In When there is no seed (R=0), equation (2) becomes
this section, we briefly discuss the heterogeneous nucle-  identical to the Gibbs free energy for homogeneous
ation theory and examine various nucleation behaviours  nucleation, AG,  (r*) (equation (1)). As the contact angle
of multicomponent nanoparticles. decreases from 180° (which corresponds to a nucleus and

x h(m,x) (2)

1+x2-2mx (4)
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Figure 7 | Energetics and nucleation probability of heterogeneous nucleation. a | Plots of the Gibbs free energy change for heterogeneous
nucleation, AG, ., for a nucleus with a spherical surface of curvature radius r*. The values of AG, , calculated from equation (2) are normalized by the
Gibbs free energy change for homogenous nucleation, AG, ., and plotted against x=R/r* for various values of m=cos6,, where R is the radius of a
spherical seed and 8_is the contact angle. b | Temporal evolution of normalized photoluminescence (PL) spectra of ZnSe-CdSe core—shell nanoparticles
during shell formation (top). As the shell thickness increases, the emission peak position is red shifted, whereas the shape and width of the peaks are
relatively constant. As the peak shape roughly reflects the size distribution of the nanoparticles (a narrow peak indicates a uniform size distribution),
these data indicate the formation of a uniform shell on all seed nanoparticles'®. Transmission electron microscopy (TEM) images of ZnSe seeds and
ZnSe—-CdSe core—shells with a shell thickness of 6 monolayers (MLs) (bottom). ¢ | Nucleation probability, PN, as a function of reaction time for CoPt,—~Au
nanodumbbells synthesized with different concentrations of the gold precursor (AuCl) (top). TEM images of the nanoparticles before and after the
reaction of CoPt, seeds in a AuCl solution with a concentration of 10.5mM (bottom). Panel b is adapted with permission from REF. 189, American
Chemical Society. Panel ¢ is from REF. 190, Nature Publishing Group.
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seed in contact only at one point), the nucleus becomes
more stable with respect to AG,_,, and eventually the
energy barrier goes to 0 when m=1 (6,=0° is realized
when the nucleus envelops the seed, FIG. 7a).

When measuring the heterogeneous nucleation
kinetics, it is convenient to use a parameter called nucle-
ation probability, P, =N, /N, , where N, and N, are the
number of seeds that have nuclei and the total number
of seeds, respectively'®*'¥”. On the basis of the classi-
cal model shown in FIG. 7a, we would expect that the
nucleation probability of core-shell nanoparticles, for
which the contact angle is 0° (m=1), is ~100% because
the energy barrier for the shell formation is practically
0 due to the low interface energy. This is confirmed by
data from the synthesis of semiconductor core-shell
nanoparticles’®®'%, Photoluminescence spectra (FIC. 7b)
show that when the seed nanoparticles react in solution
with the precursors of the shell material they are all con-
verted into core-shell structures through heterogeneous
nucleation and growth of the shell on their surface. By
contrast, when the shape of the heterostructures is dumb-
bell-like, the nucleation probability becomes strongly
dependent on the precursor concentration. In the reac-
tion of CoPt, seed nanoparticles with a gold precursor, for
example, the nucleation probability of CoPt,—~Au nano-
dumbbells rapidly decreases from 52% to near 0% as the
precursor concentration decreases'” (FIG. 7¢). In this case,
the interface energy between CoPt, and Au is relatively
high, so that the contact angle is larger than 0 (m <1). As
a result, the energy barrier, AG,,,, can effectively block
the heterogeneous nucleation and the nuclei can form
only on part of the seeds (FIG. 7). In general, the interface
energy is the main factor that determines the shape of the
nucleus in heterogeneous nucleation's>'®, as well as the
height of the energy barrier of the nucleation reaction.

Interface energy minimization and property tuning by
lattice strain. In the section on homogeneous nuclea-
tion, we mentioned that the tendency to reduce the sur-
face energy results in nonclassical nucleation behaviours.
Correspondingly, in heterogeneous nucleation, there is a
strong tendency to minimize the interface energy of the
nucleus and the seed. If the nucleus and the seed form a
heteroepitaxial interface, the interface energy increases
with their lattice mismatch. As a result, their lattices are
mechanically strained to reduce the mismatch at the
interface. For example, in the synthesis of CoPt,—~Au
nanodumbbells mentioned above, it was observed that
the lattice of the CoPt, seeds is strained by a stress of
2.4 GPa when the gold phase nucleates on their sur-
face'. This happens because both CoPt, and Au have
a fcc structure, but their lattice mismatch is 5.3%. For
wurtzite CdS-ZnS core-shell nanoparticles, which have
a lattice mismatch of 7%, a stress of >4 GPa was observed
for shells with a thickness of 7.5 monolayers''. Lattice
strain in the overgrowth phase to remove the mismatch
with the substrate lattice is commonly observed in
heteroepitaxial thin film growth, a phenomenon known
as pseudomorphism'>'** (FIC. 8a). However, unlike thin
film substrates, seed nanoparticles have very small
finite sizes, thus the restoration force from the strained
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overgrowth phase can induce deformation of the seed, so
that the forces in the seed and in the overgrowth phase
are in equilibrium (FIC. 8b). As shown in the case of
CoPt,—Au nanodumbbells and CdS-ZnS core-shells, the
mechanical stress induced by the formation of a hetero-
epitaxial interface can be very high. From the synthetic
point of view, this behaviour can be exploited to con-
trol the lattice of the multicomponent nanoparticles by
selecting seeds and overgrowth phases with appropriate
lattice mismatch and elastic moduli.

The idea of adjusting the lattice constant to modify
the physicochemical properties of nanoparticles has
been demonstrated both experimentally and theoreti-
cally. In general, lattice strain in semiconductors induces
changes in the bandgap energy and in the charge carrier
mobility. Using this property, the bandgap offset of sem-
iconductor nanoparticles with heteroepitaxial core-shell
structures can be modified”!. By encapsulating ‘soft’
(low elastic modulus) CdTe cores with a shell of other
II-VI semiconductors with smaller lattice constants,
compressive stress in the core and extensional stress in
the shell can be induced simultaneously. As the relative
strain in the core and in the shell is determined by the
shell thickness, the band alignment can be transformed
from type I to type IL, as indicated by optical absorption
spectra (FIC. 8¢). In addition, it was shown by theoret-
ical simulations that the mechanical stress within the
core-shell structure can make a high-pressure phase
stable at ambient pressure. For example, for bulk CdSe,
the rocksalt structure is stable only under a pressure of
~2 GPa. By contrast, in a simulation of CdSe-ZnS core-
shell nanoparticles, if the nanoparticle is subjected to
a pressure of 20 GPa, the rocksalt CdSe core remains
metastable even after the external pressure is removed'®.
Similarly, in another simulation model, it was shown
that rocksalt CdSe can be stabilized under atmospheric
pressure in a ZnS-CdSe-ZnS core-shell-shell structure
because of heteroepitaxial lattice strain'*. Lattice tuning
is also relevant for the synthesis of nanoparticles with
improved electrocatalytic activity. According to density
functional theory calculations, there is an optimum lat-
tice strain of platinum that results in enhanced catalytic
activity in the oxygen reduction reaction compared with
unstrained platinum'*’-'*°. A simulation of the catalytic
activity of Cu,Pt,, _,,~Pt core-shell nanostructures, in
which the strain was continuously adjustable in the
range between —4.5% and 0% by controlling the ratio of
copper and platinum in the core'”, is shown in FIG. 8d.
It was also experimentally confirmed that Cu-Pt-alloy
core/lattice-strained-Pt shell nanoparticles have high
catalytic activity compared with pristine platinum nano-
particles'”. A similar approach of lattice strain tuning to
enhance the catalytic activity was reported for FePt-Pt
core-shell nanoparticles™®.

Obviously, having similar crystal structures is not
a necessary condition for heterogeneous nucleation,
and there are other ways to lower the interface energy
between seeds and nuclei. Among them, the coincidence
site lattice model explains the cases in which two dif-
ferent crystal structures have a coherent interface?**"'.
In FIG. 8e, for example, the (111) planes of y-Fe,O, and
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Figure 8 | Lattice strain and structural properties of multicomponent nanoparticles. a | Schematic illustrations
of an unstrained overgrowth layer (blue; top) and of a pseudomorphic layer (bottom) on the substrate (grey).

b | Unstrained core and shell (top) and strained core—shell structure (bottom). The arrows indicate the direction of the
radial stress in the core and in the shell. ¢ | Absorption spectra of CdTe-ZnSe core-shell nanoparticles with different
shell thicknesses and corresponding band diagrams. As the shell thickness increases, negative and positive strain is
induced in the core and the shell, respectively. This leads to a conversion of the band structure from type | to type I,
asillustrated in the sketch below and as indicated by the red shift of the absorption peak position. d | Plot for the
catalytic activity of platinum for the oxygen reduction reaction as a function of the surface strain of platinum atoms
(top). Circles with different colours show the activity of simulated Cu-Pt/Pt core—shell nanoparticles with a shell
thickness of 3-5 monolayers (MLs). Simulation of surface strain for 3 and 5 ML-thick platinum shells on a 5nm Cu,,Pt,,
core (bottom). e | Coincidence site (dashed box) of the interface between the y-Fe,O,(111) and the zinc blende CdS
(111) planes. The Fe** lattice is expanded by 4.6% to remove the mismatch with the S*" lattice. The transmission
electron microscopy (TEM) image shows y-Fe,0,~CdS nanodumbbells. f | Schematic illustrations and TEM images
showing sequential synthesis of Pt-Fe,O, heterodimers, Pt-Fe,O,-Au heterotrimers and Pt-Fe,O,~Au-Cu,S,
heterotetramers. Panel c is from REF. 194, Nature Publishing Group. Panel d is adapted with permission from REF. 199,
American Chemical Society. Panel e is adapted with permission from REF. 202, American Chemical Society. Panel f is
from REF. 208, Nature Publishing Group.

zinc blende CdS are shown together. Although their 3D
structures have little resemblance, the 2D lattices of Fe**

to the strong chemical bonds between noble metals
(gold, silver and platinum) and chalcogens (sulfur,

and S* on the (111) plane can be overlapped with a
small lattice mismatch of 4.6%. As a result, y-Fe,O,-
CdS nanodumbbells can be synthesized through the
formation of a (111)/(111) interface®? Note that, since
the zinc blende CdS (111) plane and the wurtzite CdS
(001) plane are equivalent, wurtzite CdS nanoparticles
are also formed via the CdS(001)/y-Fe,O,(111) inter-
face. An interface of coincidence lattices can be formed
not only between well-defined facets, but also between
curved surfaces, as exemplified by the formation of
y-Fe,0, nanoparticles at the tip of bent TiO, nano-
rods*®. High chemical affinity is another important
factor that facilitates heterogeneous nucleation. Owing

selenium and tellurium), it is easy to induce the dep-
osition of either metals on the surface of chalcogenide
nanoparticles or chalcogens on the surface of metal
nanoparticles. Using this approach, various nonepitaxial
multicomponent nanostructures, including gold-tipped
CdSe nanorods®***, Au-CdS core-shell nanoparticles®
and FePt-CdS nanodumbbells?”, have been prepared.
Furthermore, it was demonstrated that by using che-
moselective deposition of metals and metal sulfides,
heterotrimers and heterotetramers can be prepared by
using Pt-Fe,O, nanodumbbells as seeds®*®. As shown
in FIC. 8f, if a gold precursor is reacted with Pt-Fe,O,
heterodimers, gold nanoparticles exclusively nucleate
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on the surface of platinum. Then, the reaction of the
heterotrimers with metal and sulfur precursors leads to
the formation of metal sulfide nanoparticles attached to
only gold nanoparticles to form linear heterotetramers.

Finally, it is also reported that coincidence lattices and
chemical affinity can work in a complementary way to
lead to the formation of low-energy interfaces. In the case
of UO,-In,0, and FePt-In,0, nanodumbbells, the lattice
of In, O, is strained so that the interfaces are coherent”;
however, the preferred nucleation sites on the seeds are
not the facets with the minimum lattice mismatch but the
ones with the strongest chemical affinity.

Conclusions

The rapid development of nanochemistry has been, so
far, largely sustained by knowledge coming from various
traditional research areas. In the early times of the field,
scientists working in nanochemistry tried to explain their
observations using well-established classical theories. For
example, many of the synthetic reactions for the forma-
tion of nanoparticles were adopted from organometallic
and sol-gel chemistry. The main concepts behind the
formation mechanisms of monodisperse nanoparticles
are direct extensions of the classic theory of colloidal
chemistry, such as bursts of nucleation described by the
LaMer diagram. Nowadays, as nanochemistry becomes a
mature field, nonclassical phenomena that are unique to
nanoscale materials are attracting an increasing amount
of interest. In this Review, we discussed nucleation and
growth mechanisms in nanoparticle synthesis that are
not consistent with the classical crystallization theory. As
we briefly mentioned in the introduction, the study of
nonclassical crystallization of nanoparticles is of pivotal
importance to establish a fundamental understanding
of nanochemistry and to provide technical solutions for
various applications of nanomaterials.

With increasing evidence of nonclassical crystal-
lization behaviours at the nanoscale, the modification
of some aspects of the traditional crystallization theory
is strongly required. Multistep nucleation and the for-
mation of nanoclusters in the prenucleation period can
make the reaction system deviate from the one predicted
by classical nucleation theory, which assumes a single-
step transition from solute to solid. At the moment,
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however, experimental data on the prenucleation and
nucleation periods of the nanoparticle formation are
still limited, which hampers the development of more
realistic theoretical models. Despite the technical dif-
ficulties in monitoring sub- and few-nanometre sized
objects, a number of significant contributions have been
made using in situ TEM, X-ray scattering and optical
spectroscopy techniques. With the continuous develop-
ment of characterization techniques, it is expected that
more detailed information on the kinetics and on the
structural changes in the prenucleation and nucleation
periods will be available soon.

The formation of diverse intermediate structures
between atoms and crystalline solids, which include
nanoclusters, nanoparticles and mesocrystals, changes
the traditional view of crystallization. Instead of the
direct assembly of atoms into crystalline lattices, the
intermediate structures in nonclassical crystalliza-
tion show various assembly and aggregation behav-
iours at different scales, from subnanometre up to
tens of nanometres. Sometimes those behaviours lead
to anisotropic crystal growth or superlattice structure
formation, adding much more complexity to crystal
structures than what would be expected from classical
crystallization theory. We expect that future studies
on multiscale assembly mechanisms will give valuable
insight into material self-organization, as in the case of
biomineralization.

The importance of the synthesis of multicomponent
nanoparticles with desired interfaces and morphologies
is rapidly increasing due to the technical requirements
for applications, such as catalytic activity and efficient
charge and mass transport. As mentioned above, non-
classical crystallization studies provide an effective
framework for the understanding and control of the
structural complexity of nanomaterials. In particular, the
study of heterogeneous nucleation mechanisms of mul-
ticomponent nanoparticles is needed to understand the
energetics of the interface formation and of structural
changes during synthesis. We believe that the study of
nanochemistry will not only contribute to fundamen-
tal science, but will also form the basis of a systematic
approach for the synthesis of complex nanostructures
with improved performance.
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